Introduction
============

Synaptic dynamics are an essential part of information processing between neurons in the central nervous system.[@b1-jen-suppl.2-2015-011] In the auditory brainstem, short-term synaptic depression plays an important computational role in sound processing of normal and hearing-impaired individuals.[@b2-jen-suppl.2-2015-011] Defined as reduced neural responses during high rates of activity, short-term synaptic depression is an excellent example of temporal filtering critical for encoding cues used for sound localization and signal discrimination.[@b3-jen-suppl.2-2015-011],[@b4-jen-suppl.2-2015-011] Studies from multiple brain regions have demonstrated that mechanisms underlying short-term synaptic depression include pre-, post-, and extrasynaptic factors.[@b5-jen-suppl.2-2015-011] The purpose of this study was to determine the extent to which similar factors give rise to short-term synaptic depression at two functionally distinct developmental time periods in the avian cochlear nucleus magnocellularis (NM), a first-order auditory brainstem synapse.

Presynaptic terminals influence the firing of postsynaptic neurons by releasing different amounts of neurotransmitter in an activity-dependent manner.[@b6-jen-suppl.2-2015-011] When separated by only tens of milliseconds, repetitive action potential (AP) arrival at presynaptic terminals can transiently deplete the readily releasable pool of neurotransmitter and correspondingly decrease the response of its postsynaptic target.[@b7-jen-suppl.2-2015-011] This reduction in synaptic strength can last for hundreds of milliseconds to seconds.[@b8-jen-suppl.2-2015-011] Other presynaptic factors that account for short-term synaptic depression include the inactivation of neurotransmitter release sites and a decrease in exogenous calcium influx.[@b9-jen-suppl.2-2015-011]--[@b11-jen-suppl.2-2015-011] Short-term synaptic depression can also occur though desensitization of postsynaptic AMPA-type glutamate receptors (AMPA-Rs).[@b12-jen-suppl.2-2015-011]--[@b19-jen-suppl.2-2015-011] Although the release of neurotransmitter immediately activates postsynaptic AMPA-Rs during periods of repetitive activity, a majority of these receptors become nonresponsive to the ligand overtime (ie, desensitized) and can take several seconds before recovering from their desensitized state.[@b20-jen-suppl.2-2015-011] Finally, because of their close proximity to pre- and postcomponents of the synapse, glutamate transporters have an established role in regulating the speed and amount of neurotransmitter clearance from the synaptic cleft.[@b21-jen-suppl.2-2015-011] As such, extrasynaptic factors mediated by glutamate transporters located on glial and neural cells might play an additional role in regulating short-term synaptic depression by impacting the degree of postsynaptic AMPA-R activation and desensitization.[@b22-jen-suppl.2-2015-011]--[@b24-jen-suppl.2-2015-011] Taken together, these factors are thought to dynamically regulate neural responses in an activity-dependent manner.[@b25-jen-suppl.2-2015-011]

An example of short-term synaptic depression is found at the auditory nerve--cochlear NM (AN--NM) endbulb of Held synapse in birds.[@b14-jen-suppl.2-2015-011] This synapse is analogous to synapses onto bushy cells in the mammalian anteroventral cochlear nucleus. High rates of auditory nerve (AN) activity result in NM neurons to "lock" to a specific phase of the AN input signal, firing synchronized, and filtered initial APs.[@b26-jen-suppl.2-2015-011] Activity-dependent depression at this homogeneous but specialized synapse can be viewed as a low-pass temporal filter of presynaptic spike trains that contribute to the adaptation of postsynaptic responses at high rates of sustained sensory input. Interestingly, this form of synaptic depression occurs at early-developing NM synapses as well, but regulating factors remain largely unexplored. In this study, we revisited factors regulating short-term synaptic depression at two functionally distinct developmental time periods in the avian NM. We found that there is a developmental shift in the relative reliance on pre-, post-, and extrasynaptic factors in regulating short-term synaptic plasticity in NM.

Methods
=======

Slice preparation
-----------------

All animal procedures were performed in accordance with federal guidelines on animal welfare and approved by Northwestern University Institutional Animal Care and Use Committee. Acute brainstem slices were prepared as previously published[@b27-jen-suppl.2-2015-011]--[@b29-jen-suppl.2-2015-011] from White Leghorn chicken (*Gallus gallus domesticus*) embryos at two functionally distinct developmental time periods: embryonic days (E) 14--16 and E19--20. Brainstems were dissected and isolated in ice-cold oxygenated low-Ca^2+^ high-Mg^2+^-modified artificial cerebral spinal fluid (ACSF) containing (in mM): 130 NaCl, 3 KCl, 1.25 NaH~2~PO~4~, 26 NaHCO~3~, 3 MgCl~2~, 1 CaCl~2~, and 10 glucose. ACSF was continuously bubbled with a mixture of 95% O~2~/5% CO~2~ (pH 7.4, osmolarity 295--310 mOsmL). The brainstem was blocked coronally, affixed to the stage of a vibratome slicing chamber (Technical Products International), and submerged in ice-cold ACSF. Bilaterally symmetrical coronal slices were made (200--300 μm thick) and \~4--6 slices containing NM were taken along the caudal to rostral plane, representing the low- to high-frequency regions of NM, respectively. All neurons reported here were obtained from the most rostral slice of the nucleus, representing the high-frequency region of NM, a homogeneous group of neurons with similar structure and function.

Slices were collected in a custom holding chamber and allowed to equilibrate for one hour at 32°C in normal ACSF containing (in mM): 130 NaCl, 3 KCl, 1.25 NaH~2~PO~4~, 26 NaHCO~3~, 1 MgCl~2~, 3 CaCl~2~, and 10 glucose. For experiments where external Ca^2+^ was altered (0.5, 1.0, 2.0, 3.0), the external concentration of Mg^2+^ was adjusted accordingly in order to maintain correct cationic molarity levels. The external Ca^2+^ concentration for all control data was 3 mM unless otherwise indicated. ACSF was continuously bubbled with a mixture of 95% O~2~/5% CO~2~ (pH 7.4, osmolarity 295--310 mOsm/L). Slices were transferred from the holding chamber to a 0.5 mL recording chamber mounted on an Olympus BX51W1 microscope for electrophysiological experiments. The microscope was equipped with a CCD camera, 60× water immersion objective, and infrared differential interference contrast optics. The recording chamber was superfused continuously by a WPX1 peristaltic pump (Welco) at near physiologic temperatures (monitored at \~33°--35°C, Warner Instruments) in oxygenated normal ACSF at a rate of 1.5--2 mL/min.

Whole-cell electrophysiology
----------------------------

Voltage-clamp experiments were performed using an Axon Multiclamp 700B amplifier (Molecular Devices). Patch pipettes were pulled to a tip diameter of 1--2 μm using a P-91 flaming/brown micro-pipette puller (Sutter) and had resistances ranging from 3 to 6 MΩ. The internal solution was cesium based containing the following (in mM): 108 CsMeSO~3~, 5 CsCl, 1 MgCl~2~, 15 phosphocreatine-Tris~2~, 8 BAPTA-Cs~4~, 10 HEPES, 3 QX-314.Cl, 4 MgATP, 0.4 Tris~2~GTP, pH adjusted to 7.3 with TrisOH. The liquid junction potential was 5 mV, and data were adjusted accordingly. The Cs-based internal solution was used to block K^+^ conductances, and QX-314.Cl was used to block Na^+^ conductances to avoid space-clamp issues. Series resistance was compensated for by \~80% in all voltage-clamp recordings.

A small hyperpolarizing (−1 mV, 30 ms) voltage command was presented at the beginning of each recorded trace to document and monitor whole-cell parameters (resting membrane potential \[RMP\], cell membrane capacitance, series resistance, and input resistance). RMPs were measured immediately after break-in to avoid cesium-induced depolarization during voltage-clamp experiments. Neurons were included in the data analysis only if they had RMPs between −50 and −70 mV and had series resistances \<12 MΩ. Raw data were low-pass filtered at 2 kHz and digitized at 20 kHz using a Digidata 1440A (Molecular Devices).

Pipettes were visually guided to NM, and neurons were identified and distinguished from surrounding tissue based on cell morphology and location of the nucleus within the slice. All the experiments were conducted in the presence of a GABA~A~-R antagonist picrotoxin (PTX, 100 μM). After a GΩ seal was attained, membrane patches were ruptured, and NM neurons were held in whole-cell configuration at −60 mV (*V*~CLAMP~).

Isolated AMPA-R-mediated excitatory postsynaptic currents (EPSCs) were recorded in the presence of an N-methyl-D-aspartate-type glutamate receptor (NMDA-R) antagonist DL-2-amino-5-phosphonopentanoic acid (DL-APV, 100 μM). A total of 10--20 traces were obtained at a rate of 0.01 Hz for each isolated AMPA-R-mediated EPSC. Averaged EPSCs are represented in the figures unless otherwise indicated. Desensitization of isolated AMPA-R-mediated EPSCs was blocked by bath application of cyclothiazide (CTZ, 100 μM) in some experiments (noted in results). The clearance of neurotransmitter was altered by the neural and glial glutamate transporter blocker DL-threo-β-benzyloxyaspartic acid (DL-TBOA, 100 μM), and its effect was measured from isolated AMPA-R-mediated EPSCs.

Extracellular synaptic stimulation was accomplished using a concentric bipolar electrode (tip core diameter = 125 μm, World Precision Instruments). Square electric pulses, 100 μs in duration, were delivered by an Iso-flux stimulator and a MASTER 9 current generator (A.M.P.I). Stimulating electrodes were placed in the AN root ([Fig. 1A](#f1-jen-suppl.2-2015-011){ref-type="fig"}). Input--output curves were derived for each NM neuron, and the stimulus intensity was adjusted in an attempt to recruit all excitatory inputs and evoke the maximum EPSC, resulting in a plateau EPSC response. This stimulus intensity (mean = 174 ± 3.2 μA) never exceeded the output of the stimulus generator and was \~10%--20% less than the maximum intensity tolerated in this slice preparation without causing hydrolysis or motion of the stimulating electrode tip.[@b29-jen-suppl.2-2015-011] An example is shown in [Figure 1B](#f1-jen-suppl.2-2015-011){ref-type="fig"}. For this individual NM neuron, the stimulus intensity was increased in 10 μA steps (up to the maximum of the stimulus isolator), and unitary AMPA-R-mediated EPSCs were recorded (plotted as the average of eight trails for each stimulus intensity). The upward gray triangle indicates stimulus intensity level used for the trace shown in [Figure 1Ci](#f1-jen-suppl.2-2015-011){ref-type="fig"}.

Depending on the experimental paradigm (see results section), short-interval paired pulses or stimulus trains were used. Paired-pulse stimulus intervals (PPSI) ranged from 0.005 to 10 seconds. Stimulus trains were 10 pulses at a rate of 100 Hz delivered every 10 seconds. [Figure 1Ci](#f1-jen-suppl.2-2015-011){ref-type="fig"} shows an example of an AMPA-R-mediated EPSC recorded from an E20 NM neuron using the stimulus train at \~20% below maximum strength. The AMPA-R-mediated EPSCs significantly depolarized the NM neuron only for the first two pulses in the stimulus train. As a result, the output of the NM neuron generated only two APs ([Fig. 1Cii](#f1-jen-suppl.2-2015-011){ref-type="fig"}). This type of postsynaptic depression contributes to the low-pass filtering of postsynaptic AP generation during high rates of sustained AN activity. [Figure 1D](#f1-jen-suppl.2-2015-011){ref-type="fig"} shows the input--output relationship of the probability of AP generation as a function of EPSC strength. Maximum EPSC strength always occurs for the first pulse, and the probability of an AP occurring is greatest. Subsequent train pulses produce EPSCs at a reduced ratio of the maximum and the probability of AP generation decreases as a function of reduced paired-pulse ratios (\[PPRs\] = *P*~N~/*P*~1~, see data analysis section). It should be noted, however, that the relative strength of subsequent EPSCs is dependent on the stimulus pulse number (eg, *P*~2~/*P*~1~ = 0.25 vs *P*~10~/*P*~1~ = 0.01, [Fig. 1Ci](#f1-jen-suppl.2-2015-011){ref-type="fig"}). [Figure 1E](#f1-jen-suppl.2-2015-011){ref-type="fig"} shows the average probability of AP generation as a function of stimulus train pulse number. Take together, synaptic depression recorded at the AN--NM synapse results in temporal filtering of AP output and is thought to be essential for encoding temporal cues used for auditory processing.

Data analysis
-------------

Recording protocols were written and run using Clampex acquisition and Clampfit analysis software (version 10.3; Molecular Devices). Statistical analyses and graphing protocols were performed using Prism (GraphPad versions 5.0a). PPR was defined as Pulse~N~/Pulse~1~, where a ratio of 1.0 represented equal amplitudes between EPSC~N~ and EPSC~1~. All graphic representations of data illustrate mean ±1 standard error (SE).

Reagents
--------

Bath application of CTZ and DL-TBOA was allowed to perfuse through the recording chamber for at least 2 minutes before subsequent recordings were obtained. CTZ, DL-TBOA, DL-APV, PTX, and all other salts and chemicals were obtained from Sigma-Aldrich. QX-314 was obtained from Alomone Labs.

Results
=======

At many neural synapses, repeated stimuli delivered at short-time intervals lead to a transient decrease in synaptic strength, that is, short-term synaptic depression. Using either short-interval paired pulses or trains of 10 pulses delivered at a rate of 100 Hz, we found that (1) late-developing (E19--20) NM neurons remain in a synaptically depressed state for at least 4 seconds following fixed intervals of paired-pulse stimulation, (2) the degree of short-term synaptic strength was largely due to exogenous calcium concentration levels and partly dependent on postsynaptic AMPA-R desensitization, and (3) neurotransmitter accumulation alters short-term synaptic depression at early-developing (E14--16) synapses, but this extrasynaptic influence has a minimal contribution at late-developing NM synapses.

Time course of recovery from different intervals of paired-pulse stimulation at late-developing NM synapses
-----------------------------------------------------------------------------------------------------------

[Figure 2](#f2-jen-suppl.2-2015-011){ref-type="fig"} shows the time range of depression in isolated AMPA-R-mediated EPSCs elicited by varying PPSI (0.005--10 seconds). [Figure 2Ai](#f2-jen-suppl.2-2015-011){ref-type="fig"} shows an example trace when paired-pulse stimuli were administered at a 0.02 seconds interstimulus interval. The second EPSC amplitude was depressed by \~40% when compared to the first EPSC, resulting in a PPR of 0.62. The neuron did not recover from synaptic depression until the PPSI was six seconds (PPR = 1.04, [Fig. 2Aii](#f2-jen-suppl.2-2015-011){ref-type="fig"}). This PPR was consistent for PPSIs up to 0.2 seconds across the population of E19--20 NM neurons tested ([Fig. 2B](#f2-jen-suppl.2-2015-011){ref-type="fig"}, *n* = 13). Shorter PPSIs resulted in an average PPR of 0.41 ± 0.1 and 0.49 ± 0.08 for 0.005 and 0.01 seconds, respectively, while the longest PPSI (10 seconds) resulted in an average PPR of 1.1 ± 0.1. Complete recovery from synaptic depression occurred when PPSIs were greater than four seconds ([Fig. 2Aii and B](#f2-jen-suppl.2-2015-011){ref-type="fig"}).

External calcium concentrations alter the strength of short-term synaptic plasticity
------------------------------------------------------------------------------------

To investigate the contribution of presynaptic calcium influx on short-term synaptic plasticity at late-developing NM synapses, external calcium concentrations \[Ca^2+^\]~E~ were systematically varied from 0.5 to 3.0 mM, with paired-pulse stimuli held constant at a 50 ms time interval. [Figure 3A](#f3-jen-suppl.2-2015-011){ref-type="fig"} (top row) shows representative recordings of isolated AMPA-R-mediated EPSCs during 0.5 and 1.0 mM bath-applied external calcium concentration levels. For both \[Ca^2+^\]~E~ concentration levels, the EPSC amplitude following either paired-pulse stimuli was significantly reduced when compared to 3.0 mM \[Ca^2+^\]~E~ (*P* \< 0.003, Kruskal--Wallis = 14.04, Dunn's multiple post hoc comparison). For the 0.5 mM \[Ca^2+^\]~E~ level, the second EPSC was 34% larger that the first EPSC (PPR = 1.34, [Fig. 3Ai](#f3-jen-suppl.2-2015-011){ref-type="fig"}), showing synaptic facilitation rather than depression. Synaptic facilitation is defined as an enhanced neural response following a pair of stimuli in which the second EPSC amplitude is greater than the first. For 1.0 mM \[Ca^2+^\]~E~, the EPSCs were nearly equal, with a PPR of 0.97 ([Fig. 3Aii](#f3-jen-suppl.2-2015-011){ref-type="fig"}). Increasing external calcium concentration levels to 2 mM changed the PPR to 0.68 ([Fig. 3Aiii](#f3-jen-suppl.2-2015-011){ref-type="fig"}). At 3.0 mM \[Ca^2+^\]~E~, the recorded EPSCs following paired-pulse stimulation showed robust short-term synaptic depression, with a PPR of 0.54 ([Fig. 3Aiv](#f3-jen-suppl.2-2015-011){ref-type="fig"}). These results were consistent across the population of neurons tested ([Fig. 3B](#f3-jen-suppl.2-2015-011){ref-type="fig"}, *n* = 21).

Blocking postsynaptic AMPA-R desensitization alters the degree of synaptic depression at late-developing NM synapses
--------------------------------------------------------------------------------------------------------------------

To address if postsynaptic factors also contribute to short-term synaptic depression at E19--20 NM synapses, we blocked the desensitization abilities of AMPA-R by bath application of 100 μM of CTZ. The degree of synaptic depression in NM neurons changed markedly during bath application of CTZ with a constant 50 ms PPSI (Control~PPR~ = 0.51 ± 0.10; CTZ~PPR~ = 0.79 ± 0.13, *P* = 0.13, Mann--Whitney test, data not shown), as previously reported.[@b14-jen-suppl.2-2015-011] [Figure 4](#f4-jen-suppl.2-2015-011){ref-type="fig"} shows representative traces of isolated AMPA-R-mediated EPSCs using a higher rate of stimulation, with a train of 10 pulses delivered at 100 Hz under control ([Fig. 4i](#f4-jen-suppl.2-2015-011){ref-type="fig"}) and CTZ ([Fig. 4ii](#f4-jen-suppl.2-2015-011){ref-type="fig"}) conditions for the same NM neuron. At this rate of AN stimulation, strong short-term synaptic depression occurred in the control condition; the PPR measured at 10 ms (PPR~10~ = *P*~2~/*P*~1~,) and 90 ms (PPR~90~ = *P*~10~/*P*~1~) was 0.36 and 0.07, respectively. In contrast, the PPR during bath application of CTZ changed to 0.56 and 0.25 when measured at 10 and 90 ms, respectively. Although synaptic depression occurred during CTZ, the larger PPR indicates that the degree of depression is less drastic when AMPA-R desensitization is blocked. This result was consistent across all neurons tested (*n* = 9) and across stimulation pulse numbers ([Fig. 4B](#f4-jen-suppl.2-2015-011){ref-type="fig"}). Although CTZ altered the degree of synaptic depression, the amplitude of the first EPSC was unaffected ([Fig. 4C](#f4-jen-suppl.2-2015-011){ref-type="fig"}), indicating that the effect of AMPA-R desensitization is strongest for subsequent pulses in a train of stimuli. The partial recovery from depression suggests that receptor desensitization accounts for only a portion of short-term synaptic depression observed in NM.

Short-term synaptic depression by glutamate clearance at late-developing NM synapses
------------------------------------------------------------------------------------

We tested whether glutamate clearance contributes to short-term synaptic depression by blocking uptake with DL-TBOA, a glutamate transport blocker. First, we tested the effect of glutamate clearance on isolated AMPA-R-mediated EPSCs using low-frequency afferent stimulation. [Figure 5A](#f5-jen-suppl.2-2015-011){ref-type="fig"} shows representative traces of isolated AMPA-R-mediated EPSCs recorded during control (black trace) and bath application of DL-TBOA (superimposed red trace) from the same NM neuron. Blocking glutamate clearance did not alter isolated AMPA-R-mediated EPSCs following low-frequency afferent stimulation (0.01 Hz) as previously reported.[@b30-jen-suppl.2-2015-011] Across the population of NM neurons tested (*n* = 10), the unitary amplitude ([Fig. 5B](#f5-jen-suppl.2-2015-011){ref-type="fig"}), kinetics ([Fig. 5C](#f5-jen-suppl.2-2015-011){ref-type="fig"}), nor the PPR~50~ ([Fig. 5D](#f5-jen-suppl.2-2015-011){ref-type="fig"}) changed during bath application of DL-TBOA. Please note that unitary amplitude value = peak EPSC during TBOA/peak ESPC during control (Peak~TBOA~/Peak~Cont~). Value of 1 = no change in peak EPSC amplitude.

We next tested whether a higher rate of afferent stimulation, along with blockade of glutamate clearance, would cause a change in short-term synaptic depression in E19--20 NM neurons. [Figure 6](#f6-jen-suppl.2-2015-011){ref-type="fig"} shows representative traces of isolated AMPA-R-mediated EPSCs when a train of 10 pulses at a rate of 100 Hz was delivered under control ([Fig. 6i](#f6-jen-suppl.2-2015-011){ref-type="fig"}) and DL-TBOA ([Fig. 6ii](#f6-jen-suppl.2-2015-011){ref-type="fig"}) conditions for the same NM neuron. At this rate of AN stimulation, strong short-term synaptic depression occurred in the control condition; the PPR measured at 10 ms (PPR~10~ = *P*~2~/*P*~1~,) and 90 ms (PPR~90~ = *P*~10~/*P*~1~) was 0.52 and 0.12, respectively. The PPR during bath application of DL-TBOA remained relatively unchanged for the first pulse in the train (PPR~10~ = 0.48) but slightly changed to a PPR of 0.25 when measured at 90 ms (albeit not significant). This result was consistent across the sample of neurons tested (*n* = 10, same neurons from [Fig. 5](#f5-jen-suppl.2-2015-011){ref-type="fig"}) as well as across stimulation pulse number ([Fig. 6B and C](#f6-jen-suppl.2-2015-011){ref-type="fig"}).

Glutamate transporters shape isolated AMPA-R-mediated properties and contribute to short-term synaptic depression at early-developing NM synapses
-------------------------------------------------------------------------------------------------------------------------------------------------

We previously reported that the clearance of glutamate is developmentally regulated and has differential effects on AMPA-R and NMDA-R responses at early-developing synapses,[@b28-jen-suppl.2-2015-011] similar to other developing sensory synapses.[@b31-jen-suppl.2-2015-011] We therefore tested the effects of glutamate clearance in shaping isolated AMPA-R-mediated EPSCs at early-developing (E14--16) NM synapses. Blocking glutamate clearance of an E15 NM neuron significantly altered AMPA-R responses following low-frequency afferent stimulation (0.01 Hz) ([Fig. 7](#f7-jen-suppl.2-2015-011){ref-type="fig"}). Representative traces of isolated AMPA-R-mediated EPSCs recorded during control (black traces) and bath application of DL-TBOA (superimposed red traces) from the same NM neuron are shown in [Figure 7A](#f7-jen-suppl.2-2015-011){ref-type="fig"}. The left panel shows unitary EPSC amplitude and the right panel shows normalized responses to highlight changes in ESPC kinetics for the same neuron during both conditions. Unitary amplitude value = peak EPSC during TBOA/peak ESPC during control (Peak~TBOA~/Peak~Cont~). Value of 1 = no change in peak EPSC amplitude. Across the population of NM neurons tested (*n* = 12), EPSC amplitudes were significantly smaller ([Fig. 7B](#f7-jen-suppl.2-2015-011){ref-type="fig"}; *P* \< 0.05, paired *t* = 2.21, degrees of freedom \[df\] = 11) and EPSC kinetics were significantly slower ([Fig. 7C](#f7-jen-suppl.2-2015-011){ref-type="fig"}; *P* \< 0.01, paired *t* = 2.98, df = 11) during DL-TBOA bath application.

We next tested whether short-term synaptic plasticity would be affected by glutamate blockade in E14--16 NM neurons. We found that for most early-developing NM neurons, a time-dependent accumulation of neurotransmitter following glutamate transporter blockade changes short-term synaptic dynamics from depression to facilitation. [Figure 8A](#f8-jen-suppl.2-2015-011){ref-type="fig"} shows representative traces of an isolated AMPA-R-mediated ESPCs using a fixed 50 ms PPSI. During the control condition, the PPR was 0.59 ([Fig. 8Ai](#f8-jen-suppl.2-2015-011){ref-type="fig"}) and was not different compared to late-developing NM neurons during the 3 mM \[Ca^2+^\]~E~ condition (see [Fig. 3Aiv and B](#f3-jen-suppl.2-2015-011){ref-type="fig"} far right column), suggesting the probability of neurotransmitter release is high at both age groups, consistent with our previously published report.[@b29-jen-suppl.2-2015-011] For the same NM neuron, bath application of DL-TBOA had a time-dependent effect on synaptic dynamics. After 12 and 22 minutes of administration of DL-TBOA, short-term synaptic depression changed to facilitation, resulting in PPRs of 0.95 and 1.21, respectively ([Fig. 8Aii and Aiii](#f8-jen-suppl.2-2015-011){ref-type="fig"}). Individual traces are shown to highlight trial-to-trial variation in EPSCs during drug conditions. Across the population of NM neurons tested (*n* = 8), isolated AMPA-R-mediated EPSC kinetics significantly changed during the DL-TBOA application for both pulses 1 and 2 of the paired-pulse stimuli ([Fig. 8B](#f8-jen-suppl.2-2015-011){ref-type="fig"}; *P* \< 0.01, paired *t* = 3.78, df = 7). Because of the trial-to-trial variation in EPSCs and the time-dependent accumulation of neurotransmitter, we normalized the maximum EPSC amplitude of each individual trace across the population of NM neurons tested (\~10 traces for each NM neuron) 20 minutes after bath application of DL-TBOA. Normalized pulse 1 EPSC amplitudes were then compared to normalized pulse 2 EPSC amplitudes. When analyzed in this way, we found that NM neurons responded differentially to DL-TBOA; nearly 25% stayed depressed, 25% resulted in a complete EPSC elimination following either the first, second, or both paired pulses, and 50% changed from short-term synaptic depression to facilitation ([Fig. 8C](#f8-jen-suppl.2-2015-011){ref-type="fig"}).

Discussion
==========

Mechanisms regulating short-term synaptic depression are well documented to include pre-, post-, and extrasynaptic factors.[@b4-jen-suppl.2-2015-011],[@b5-jen-suppl.2-2015-011],[@b25-jen-suppl.2-2015-011] We report here that short-term synaptic depression lasts as long as four seconds at late-developing avian AN--NM synapses and is largely dependent on pre-synaptic exogenous calcium levels and, to a lesser extent, on postsynaptic AMPA-R desensitization. We also report that extrasynaptic factors do not play a substantial role in regulating synaptic dynamics at late-developing synapses but significantly alter short-term synaptic dynamics at early-developing NM synapses by changing a portion of AMPA-R-mediated EPSCs from depression to facilitation.

Presynaptic mechanisms
----------------------

Presynaptic APs trigger varying amounts of neurotransmitter release and can thereby influence the output firing of their postsynaptic targets. When repeated APs are separated by only tens of milliseconds, postsynaptic target neurons can show a transient decrease in synaptic strength, or short-term synaptic depression, through reduced EPSCs.[@b32-jen-suppl.2-2015-011]

A primary mechanism that regulates synaptic depression is presynaptic calcium influx.[@b33-jen-suppl.2-2015-011] The initial release probability of neurotransmitter is dependent on exogenous calcium concentration levels and its subsequent influx,[@b34-jen-suppl.2-2015-011],[@b35-jen-suppl.2-2015-011] leading to varying postsynaptic EPSC strengths.[@b36-jen-suppl.2-2015-011] Other presynaptic factors include the depletion of available neurotransmitter and inactivation of calcium release sites.[@b12-jen-suppl.2-2015-011],[@b13-jen-suppl.2-2015-011],[@b37-jen-suppl.2-2015-011] Depletion of neurotransmitter is dependent on the number of vesicles ready to be released (ie, readily releasable pool \[RRP\]) and on their release probability.[@b7-jen-suppl.2-2015-011],[@b38-jen-suppl.2-2015-011] Stimuli delivered before the RRP is replenished results in fewer released vesicles.[@b39-jen-suppl.2-2015-011] Even if the RRP is not completely depleted, fusion of subsequent vesicles at the release site is limited due to the inactivation at that site. Recovery from synaptic depression is thought to reflect the time it takes to clear fused vesicles from the inactive release site of the membrane and the time it takes for the RRP to be refilled, which can range from milliseconds to seconds. At low enough levels, very little calcium enters the presynaptic terminal upon AP activation and the probability of neurotransmitter release is reduced. In such a low calcium environment, the buildup of residual calcium from the first AP can have a significant effect, contributing to more neurotransmitter release after the arrival of the second AP, resulting in short-term synaptic facilitation.[@b40-jen-suppl.2-2015-011],[@b41-jen-suppl.2-2015-011]

However, at numerous synapses in the brain, including some neocortical and vestibular synapses, properties of synaptic depression are not consistent with depletion of the RRP.[@b42-jen-suppl.2-2015-011],[@b43-jen-suppl.2-2015-011] Variations in exogenous calcium influx are thought to account for differences between synapses.[@b9-jen-suppl.2-2015-011] We observed that synaptic depression is largely dependent on presynaptic exogenous calcium influx at AN--NM synapses. During fixed paired-pulse stimulation rates, alteration of external calcium concentration levels changed short-term synaptic plasticity from strong synaptic depression (3 mM external calcium) to facilitation (0.5 mM external calcium) in AMPA-R-mediated EPSCs. Synaptic depression and facilitation can therefore occur at the same AN--NM synapse but which one dominates appears to be regulated by exogenous calcium concentration levels.

Postsynaptic considerations
---------------------------

Postsynaptic factors can also regulate short-term synaptic plasticity in concert with presynaptic mechanisms. It is established at the avian AN--NM synapse---as well as the mammalian retinogeniculate, the endbulb of Held, and the calyx of Held synapses---that postsynaptic effects of synaptic depression occur by AMPA-R desensitization.[@b12-jen-suppl.2-2015-011]--[@b14-jen-suppl.2-2015-011],[@b18-jen-suppl.2-2015-011],[@b19-jen-suppl.2-2015-011],[@b44-jen-suppl.2-2015-011]--[@b47-jen-suppl.2-2015-011]

However, desensitization is related to the AMPA-Rs' ability to close and enter a nonconducting state,[@b15-jen-suppl.2-2015-011] and the accumulation of glutamate can have differential effects on AMPA-R desensitization.[@b14-jen-suppl.2-2015-011],[@b48-jen-suppl.2-2015-011] This differential desensitization to glutamate is activity dependent, synapse specific, and receptor contingent, and as such will result in varying degrees of regulation of postsynaptic strength.[@b5-jen-suppl.2-2015-011] At retinogeniculate synapses, for example, AMPA-R desensitization contributes to a reduction in AMPA-R responses during realistic patterns of activity,[@b47-jen-suppl.2-2015-011] while desensitization at bipolar and cone synapses of the retina are differentially distributed between AMPA-and kainate receptors.[@b49-jen-suppl.2-2015-011]

In NM, the structure of the endbulb synapse, the probability of neurotransmitter release, and the time course of glutamate clearance may dictate the extent to which AMPA-R desensitization plays a role in synaptic depression. For the auditory brainstem, the high level of desensitization and the differential effect on short-term plasticity are likely due to numerous factors, including its structural features: endbulb and calyceal terminals in the avian and mammalian cochlear nucleus, as well as the medial nuclei of the trapezoid body, have a clustering of release sites positioned close together.[@b25-jen-suppl.2-2015-011] Because of the many closely spaced release sites and the high probability of neurotransmitter release at calyceal synapses, glutamate emanating from one site can diffuse, activate, and desensitize neighboring receptors, and thereby increase AMPA-R desensitization.

Another consideration regarding the strength of AMPA-R desensitization includes the age of the animal studied.[@b2-jen-suppl.2-2015-011] Wang et al showed that desensitization is stronger for young animals and contributes significantly to synaptic depression, whereas older animals present with less AMPA-R desensitization and recover from depression more quickly after neurotransmitter release.[@b50-jen-suppl.2-2015-011] Desensitization in older animals is, therefore, more apparent only at high rates of afferent activation, with the sensitivity of desensitization possibly due to developmental changes in AMPA-R subunit composition.

Glutamate clearance
-------------------

Although pre- and postsynaptic factors strongly influence synaptic dynamics, glutamate clearance from the synapse plays a role as well, especially during high rates of presynaptic activity.[@b21-jen-suppl.2-2015-011] We previously reported that glutamate clearance at the avian nucleus laminaris (NL), the downstream nucleus that receives excitatory inputs from NM, is inefficient and likely relies on neurotransmitter diffusion---rather than glutamate transporter uptake---at very early-developing synapses.[@b28-jen-suppl.2-2015-011] Otis et al indicated that glutamate clearance in NM has little effect on the peak and initial kinetics of AMPA-R responses in late-developing embryos, mirroring results of the present study. Instead, the role of glutamate clearance can be seen in a slow, small component of the AMPA-R-mediated EPSC.[@b51-jen-suppl.2-2015-011] This component can be significant in times of high activity, which NM neurons are often exposed to in ovo as part of the developmental process.[@b52-jen-suppl.2-2015-011],[@b53-jen-suppl.2-2015-011]

Blocking glutamate clearance had a minimal role in regulating short-term synaptic properties in late-developing NM neurons at relatively low stimulation rates and the degree of change is dependent on the rate of afferent activity. We did not observe a strong effect upon TBOA application using a 100 Hz stimulus trains in late-developing NM synapses. A previous report has shown that the above stimulation rates of 20 Hz, blockade of transporters only slightly enhances depression, with the largest effects observed at high stimulation rates (\>300 Hz).[@b30-jen-suppl.2-2015-011] In addition, we used older and narrower range of embryonic ages (E19--21), and all neurons sampled in the current study were taken from the high-frequency region, where only one-to-two afferent inputs make contact with an individual NM cell body. Oline and Burger[@b54-jen-suppl.2-2015-011] recently reported that short-term synaptic depression at AN--NM synapses varies systematically across the tonotopic axis. Differences in our study may be due to such variations.

It has also been reported that after synapse formation in NM, the rate of AMPA-R desensitization increases.[@b55-jen-suppl.2-2015-011] This is likely due to a change in subunit composition or subunit conformation, which is often associated with changes in AMPA-R-mediated EPSCs.[@b56-jen-suppl.2-2015-011],[@b57-jen-suppl.2-2015-011] It is possible that the maturation of NM mirrors that of NL in this regard. NL undergoes a developmental switch in AMPA-R subunit content, changing from GluA2-containing to GluA2-lacking receptors, which contributes to rapid EPSC kinetics, calcium permeability, and inward rectification.[@b29-jen-suppl.2-2015-011] Regardless of the subunit change and its functional contributions, the lack of effect upon TBOA application indicates AMPA-Rs in NM are rapidly desensitizing by E19, with glutamate clearance factoring little into the amplitude and kinetics of AMPA-R responses from at least high-frequency placed neurons. Glutamate clearance may also have an impact on NMDA-R currents and on reducing spillover to neighboring synapses.[@b58-jen-suppl.2-2015-011] Further research is needed to reveal the role of glutamate transporters at late-developing endbulb of Held synapses in a frequency-specific manner.

During the earlier developmental period of E14--16, however, blocking glutamate clearance with TBOA application produced a strong effect. It has been reported that high-synaptic activity can increase the build up of glutamate concentration and activate presynaptic metabotropic glutamate receptors (mGluRs),[@b59-jen-suppl.2-2015-011] altering postsynaptic excitation via a presynaptic mechanism.[@b60-jen-suppl.2-2015-011] The presence of presynaptic mGluRs may explain the difference in patterns expressed by E14--16 versus E19--21 NM neurons upon TBOA application. Group II/III presynaptic mGluRs have been associated with increased PPRs upon transporter blockade and have been found at the calyx of Held[@b61-jen-suppl.2-2015-011] and retinogeniculate synapse,[@b62-jen-suppl.2-2015-011] both of which experience long bursts of spontaneous high frequency activity during development, similar to NM.[@b52-jen-suppl.2-2015-011] These two studies also found a developmental downregulation in mGluR-mediated responses. Similar to these studies, we also see an increase in the PPR upon TBOA application only at a particular developmental age (E14--16). Although NM is not exactly analogous to the calyx of Held or the retinogeniculate synapse, the comparable patterns we see in NM imply the presence of presynaptic mGluRs, similarly down-regulated with development. mGluRs have been found to have a large effect in NM, especially through mediating calcium regulation.[@b63-jen-suppl.2-2015-011],[@b64-jen-suppl.2-2015-011] However, the calcium mediation occurred through postsynaptic group 1 mGluRs and, although pre-synaptic mGluRs have been found in NM, their expression pattern appeared to be only on inhibitory inputs of late-developing NM synapses.[@b65-jen-suppl.2-2015-011],[@b66-jen-suppl.2-2015-011] The developmental expression of mGluRs on excitatory inputs to NM is not known. Further work is required to see if the developmental expression of presynaptic mGluRs on afferent excitatory AN inputs helps to control high bursts of developmental activity and sculpt NM synaptic properties.

While presynaptic mGluRs may restrict calcium influx and reduce the probability of release at early-developing NM synapses, presynaptic GABA~B~-Rs have already been shown to have a similar effect.[@b36-jen-suppl.2-2015-011],[@b67-jen-suppl.2-2015-011]--[@b69-jen-suppl.2-2015-011] At the mammalian endbulb synapse, the activation of GABA~B~-Rs by agonist application reduces probability of release, decreases EPSC amplitudes, and changes paired-pulse responses from depression to facilitation,[@b68-jen-suppl.2-2015-011] a result observed in the current study. Interestingly, although the effect of mGluRs is similar to that of GABA~B~-Rs, they are differentiated by their method of activation. While the mGluRs would be activated in response to local high rates of activity and build up of glutamate, GABA~B~-Rs are mostly activated through top down projections from higher order nuclei. Perhaps, the reason for this redundancy is fundamentally different purposes: GABA~B~-Rs could help to control firing when functionally relevant, while mGluRs serve to prevent overexcitation during times of heavy activity at early-developing synapses. If mGluRs are present presynaptically, it is interesting to consider the functional reasons for the redundancy between the two systems. Further investigation is needed to elucidate these differences and the roles they play in regulating short-term synaptic plasticity.

Conclusion
==========

Short-term synaptic plasticity is critical for appropriate processing of sensory information. In the auditory brainstem, the combination of presynaptic exogenous calcium levels, postsynaptic receptor desensitization, and glutamate clearance assists neurons in screening high rates of synaptic information, often acting as a low-pass temporal filter. Neurons that express synaptic depression preferentially encode the onset of a high-frequency stimulus. This improves temporal precision by reducing the value of poorly timed inputs relative to precisely timed inputs. As such, synaptic depression is thought responsible for encoding time elements of sound by preserving information about interaural time delays, providing cues used for sound localization and temporal processing.[@b3-jen-suppl.2-2015-011],[@b70-jen-suppl.2-2015-011]

In this study, we revisited pre-, post-, and extrasynaptic factors and explored their effectiveness in regulating synaptic strength at two distinct developmental time periods. Using varied PPSI of AN activation, we found that the time course of synaptic depression in NM lasts as long as four seconds at late-developing synapses. To a large extent, this synaptic depression was dependent on an exogenous Ca^2+^-dependent probability of presynaptic neurotransmitter release, and to a lesser extent, on desensitization of postsynaptic AMPA-Rs. Interestingly, extrasynaptic factors did not play a significant role in regulating synaptic strength at late-developing synapses as previously shown, as blocking glutamate clearance did not change short-term synaptic depression. In contrast, during a period of considerable synaptic refinement, blockade of glutamate clearance significantly altered synaptic strength, changing responses from depression to facilitation. These results suggest that late-developing synapses in the avian NM rely heavily on presynaptic mechanisms and to a lesser extent on postsynaptic factors, while early-developing synapses utilize both pre- and extrasynaptic mechanism to regulate synaptic dynamics.
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![Synaptic depression at late developing NM synapses acts as a low-pass temporal filter. (**A**) Schematic representation of the AN--NM endbulb of Held synapse. Rate of AN stimulation = train of 10 pulses at a rate of 100 Hz, repeated every 10 seconds (lighting bolt, vertical lines, lower left). Patch pipette diagram shows experimental paradigm of voltage and current clamp traces depicted in (**C**i and **C**ii), respectively. (**B**) Input--output curve plotted for an isolated AMPA-R-mediated EPSCs as a function of stimulus intensity strength recorded from an E20 NM neuron. The *I*/*O* curve was derived from the EPSC response to pulse 1 of the stimulus train. Each circle represents the average of eight trials for each stimulus intensity. Upward gray triangle indicates stimulus intensity level used for the trace shown in (**C**i). Gray dashed lines indicate steps from baseline in the EPSC amplitude. (**C**i) Representative voltage clamp (*V*~CLAMP~) trace of isolated AMPA-R-mediated EPSCs shows synaptic depression (same neuron in **B**). In this and subsequent figures, *V*~CLAMP~ −60 mV = membrane voltage at which neurons were held and recorded from. (**C**ii) Representative current clamp trace (*I*~CLAMP~) recorded from the cell body of an individual NM neuron shows back propagating action potential (AP) filtering. Upward gray triangles in (Ci) represent EPSCs able to trigger APs in (**C**ii) (downward black triangles). Asterisks in (**C**i) represent reduced current responses (ie, synaptic depression) that result in the subthreshold postsynaptic potentials shown in (**C**ii, \*). RMP = resting membrane potential. (**D**) Input--output curve of the average probability of AP generation as a function of EPSC strength. (**E**) Population data (*n* = 7) showing the probability of AP generation as a function of stimulus train pulse number.](jen-suppl.2-2015-011f1){#f1-jen-suppl.2-2015-011}

![Time course of recovery from short-term synaptic depression at late-developing NM synapses. (**A**) Representative paired-pulse *V*~CLAMP~ traces of isolated AMPA-R-mediated EPSCs from the same E20 NM neuron. Paired-pulse stimulus intervals (PPSI) were systematically delivered from 0.005 to 10 seconds. For this neuron, EPSC recorded at PPSIs of 0.02 and 6 seconds are shown (**A**i and **A**ii, respectively). In this and subsequent figures, paired-pulse ratio (PPR) = unitary EPSC amplitude of the second pulse divided by the unitary EPSC amplitude of the first pulse (*P*~2~/*P*~1~). As PPR approaches 1, the EPSC amplitudes from both pulses are equal in magnitude and the neuron has recovered from depression. PPR values are given below each trace. Hash mark in (ii) = break in time. (**B**) Population data (*n* = 13) showing PPR as a function of increasing PPSIs, dashed gray line = 1:1 ratio.](jen-suppl.2-2015-011f2){#f2-jen-suppl.2-2015-011}

![External \[Ca^2+^\] levels regulate short-term synaptic depression at late-developing NM synapses. (**A**) Representative paired-pulse *V*~CLAMP~ traces of isolated AMPA-R-mediated EPSCs at (i) 0.5 mM, (ii) 1.0 mM, (iii) 2.0 mM, and (iv) 3.0 mM external calcium concentration levels \[Ca^2+^\]~E~. Fixed paired-pulse stimulus interval (PPSI) = 50 ms. (**B**) Population data (*n* = 21) showing PPR as a function of different external Ca^2+^ concentration levels. External magnesium concentrations were adjusted accordingly to maintain equal divalent cation concentrations for each Ca^2+^ condition. In this and subsequent figures, line and asterisk present significance at *P* \< 0.05.](jen-suppl.2-2015-011f3){#f3-jen-suppl.2-2015-011}

![Short-term synaptic depression is partly dependent on AMPA-R desensitization at late-developing NM synapses. (**A**) Representative *V*~CLAMP~ traces of isolated AMPA-R-mediated EPSCs recorded from the same E20 NM neuron before (i, control, black trace) and during bath application of CTZ (ii, gray trace). Stimulation = 10 pulses delivered at 100 Hz repeated every 10 seconds. PPR~10~ and PPR~90~ represent PPSIs corresponding to 10 ms (*P*~2~/*P*~1~) and 90 ms (*P*~10~/*P*~1~) of the stimulus train, respectively. (**B**) Population data (*n* = 9) showing normalized AMPA-R-mediated EPSCs as a function of corresponding pulse number. Cont = control, CTZ = drug condition. (**C**) Population data of pulse 1 (*P*~1~) AMPA-R-mediated EPSC amplitude as a function of experimental condition. Average drug application time for CTZ traces = 14 ± 4 minutes.](jen-suppl.2-2015-011f4){#f4-jen-suppl.2-2015-011}

![Bath application of TBOA, a neural and glial glutamate transport blocker, does not alter AMPA-R-mediated EPSCs properties during low-frequency stimulation at late-developing NM synapses. (**A**) Representative *V*~CLAMP~ traces of isolated AMPA-R-mediated EPSCs recorded from the same E20 NM neuron before (control, black trace) and during bath application of DL-threo-β-benzyloxyaspartic acid (TBOA, 100 μM, superimposed red trace). Stimulation rate = 0.01 Hz. Inset shows expanded EPSC response kinetics before and during TBOA application. (**B**) Population data (*n* = 10) showing the ratio change in unitary EPSC amplitude during TBOA application. Unitary amplitude value = peak EPSC during TBOA/peak ESPC during control (Peak~TBOA~/Peak~Cont~). Value of 1 = no change in peak EPSC amplitude. (**C**) Population data showing EPSC decay tau fit with a single exponential and (**D**) PPRs during control and TBOA conditions. Inset in (**D**) shows representative EPSCs during control (black trace) and TBOA (superimposed red trace) conditions. Cont = control, TBOA = drug condition. In this and [Figure 6](#f6-jen-suppl.2-2015-011){ref-type="fig"}, average drug application time for TBOA traces = 24 ± 6 minutes.](jen-suppl.2-2015-011f5){#f5-jen-suppl.2-2015-011}

![Short-term synaptic depression is not regulated by glutamate clearance at late-developing NM synapses. (**A**) Representative *V*~CLAMP~ traces of isolated AMPA-R-mediated EPSCs recorded from the same E19 NM neuron before (i, control, black trace) and during bath application of TBOA (ii, red trace). Stimulation = 10 pulses delivered at 100 Hz repeated every 10 seconds. PPR~10~ and PPR~90~ represent PPSIs corresponding to 10 ms (*P*~2~/*P*~1~) and90 ms (*P*~10~/*P*~1~) of the stimulus train, respectively. (**B**) Population data (*n* = 10, same neurons in [Fig. 5](#f5-jen-suppl.2-2015-011){ref-type="fig"}) showing normalized AMPA-R-mediated EPSCs as a function of corresponding pulse number. (**C**) Population data of pulse 1 (*P*~1~) AMPA-R-mediated EPSC amplitude as a function of experimental condition. Cont = control, TBOA = drug condition.](jen-suppl.2-2015-011f6){#f6-jen-suppl.2-2015-011}

![Glutamate transporters shape isolated AMPA-R-mediated properties during low-frequency stimulations at early-developing NM synapses. (**A**) Representative *V*~CLAMP~ traces of isolated AMPA-R-mediated EPSCs recorded from the same E15 NM neuron before (control, black traces) and during bath application of TBOA (100 μM, superimposed red traces). Right panel in (**A**) shows normalized traces taken from the left panel to highlight differences in EPSC response kinetics. (**B**) Population data (*n* = 7) showing the ratio change in unitary EPSC amplitude during TBOA application. Unitary amplitude value = peak EPSC during TBOA/peak ESPC in control (Peak~TBOA~/Peak~Cont~). Value of 1 = no change in peak EPSC amplitude. (**C**) Population data showing EPSC decay tau fit with single (Cont = control condition) and weighted (TBOA condition) exponentials. Average drug application time for TBOA traces = 21 ± 3 minutes.](jen-suppl.2-2015-011f7){#f7-jen-suppl.2-2015-011}

![Accumulation of neurotransmitter following glutamate transporter blockade alters short-term synaptic depression at early-developing NM synapses. (**A**) Representative *V*~CLAMP~ traces of isolated AMPA-R-mediated EPSCs (10 superimposed) recorded from the same E15 NM neuron before (i, control, black traces) during bath application of TBOA (ii--iii, red traces, 100 μM) and after drug (iv, recovery, black traces). Fixed paired-pulse stimulus interval (PPSI) = 50 ms. TBOA 12~MIN~ and 22~MIN~ = selected time points of 12 and 22 minutes after TBOA application. (**B**) Population data (*n* = 8) showing EPSC decay tau fit with single (Cont = control condition) and weighted (TBOA condition) exponentials for both paired pulses. Rec = recovery condition. (**C**) Population data showing individual PPR traces (*n* = 80 traces) for each E14--16 NM neuron (*n* = 8 neurons). Unitary EPSC amplitudes were normalized (NORM) for each paired pulse (Pulse 1~EPSC~ and 2~EPSC~) based on maximum responses. Horizontal and vertical gray dashed lines represent EPSC failures for the second or first paired pulse, respectively. Gray diagonal dashed line represents a PPR = 1.](jen-suppl.2-2015-011f8){#f8-jen-suppl.2-2015-011}
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